An attractive consequence of charge transfer from the ME states is that it may increase the effective MEG yield. Consider the quantum resonance in Eq. 2. Shabaev et al. (18) showed that when there are other relaxation channels that can move the two states out of resonance with each other, the effective MEG yield is given by Eq. 3:
where N S1 is the population of the single exciton state; N ME is the total population of MEs and multiple excitons (including those that have successfully undergone multiple electron transfer); P 1→2 is the probability of forming the ME from the single exciton; and g 2 and g 1 are overall relaxation rates from the ME and the single exciton, respectively. Here, g 1 can include energy relaxation (cooling) of the initial exciton, radiative or nonradiative recombination channels, and (in the case of pentacene) decay into charge transfer excitons (33) ; g 2 accounts for energy relaxation or localization to form two triplets here or to form band-edge excitons in nanomaterials. When the additional channel of direct and ultrafast multiple charge transfer from the ME states opens, the total g 2 increases. This effectively shifts the equilibrium to the ME state and increases the MEG yield, which is akin to Le Châtelier's principle for chemical equilibrium. The discoveries of the coherent superposition of singlet and ME states and associated ultrafast electron transfer from the ME states in pentacene suggest a distinct design principle in solar energy conversion: the harvesting of multiple charge carriers from the ME state. Such an approach may minimize competing Auger recombination processes and maximize MEG yield.
A Coherent Signature of Anthropogenic Nitrogen Deposition to Remote Watersheds of the Northern Hemisphere
Gordon W. Holtgrieve, 1 * Daniel E. Schindler, 1 William O. Hobbs, 2 Peter R. Leavitt, 3 Eric J. Ward, 4 Lynda Bunting, 3 Guangjie Chen, 5, 6 Bruce P. Finney, 7 Irene Gregory-Eaves, 5 Sofia Holmgren, 8 Mark J. Lisac, 9 Peter J. Lisi, 1 Koren Nydick, 10 Lauren A. Rogers, 1 Jasmine E. Saros, 11 Daniel T. Selbie, 12 Mark D. Shapley, 7 Patrick B. Walsh, 9 Alexander P. Wolfe 13 Humans have more than doubled the amount of reactive nitrogen (Nr) added to the biosphere, yet most of what is known about its accumulation and ecological effects is derived from studies of heavily populated regions. Nitrogen (N) stable isotope ratios (   15   N: 14 N) in dated sediments from 25 remote Northern Hemisphere lakes show a coherent signal of an isotopically distinct source of N to ecosystems beginning in 1895 T 10 years (T1 standard deviation). Initial shifts in N isotope composition recorded in lake sediments coincide with anthropogenic CO 2 emissions but accelerate with widespread industrial Nr production during the past half century. Although current atmospheric Nr deposition rates in remote regions are relatively low, anthropogenic N has probably influenced watershed N budgets across the Northern Hemisphere for over a century.
A nthropogenic changes to the global nitrogen (N) cycle and the effects of atmospheric reactive nitrogen (Nr) deposition on ecosystems have been appreciated for decades but generally assumed to be confined to areas surrounding population centers and restricted to the latter half of the 20th century (1-3). The result of increasing amounts of Nr in the atmosphere, primarily as NH 3 , NO, NO 2 , or peroxyacetyl nitrates, is the long-range transport and deposition on continents and oceans as NH 4 + , HNO 3 , or NO 3 -(3, 4), even in the most remote ecosystems (5) (6) (7) (8) . Human activity is therefore generating a new source of atmospheric Nr that is deposited on otherwise pristine ecosystems and could have important effects on primary producers and food webs (9, 10). Improved understanding of the spatial and temporal extent of human impacts on atmospheric Nr pools and deposition patterns is challenging because monitoring stations are sparsely distributed, concentrated in areas with intense atmospheric pollution, and have records covering only the past few decades. Determining the mechanisms that drive changes in Nr deposition is also complicated by the numerous Nr sources, including lightning, biomass burning, fossil fuel emissions, fertilizers, and soil emissions. Atmospheric Nr deposited on catchments has multiple fates, including terrestrial uptake, microbial transformations including emission to the atmosphere, or transport in surface and groundwater to lakes and oceans where N can be assimilated by phytoplankton and deposited in sediments. Changes in the N isotopic composition of atmospheric Nr can indicate historic variation in the contributions from human-derived sources, because Nr produced through fossil fuel burning and the production and use of fertilizers has depleted ratios relative to catchment and preindustrial atmospheric N sources (11, 12) . Isotopic measurements of nitrate-N from the summit of the Greenland Ice Sheet demonstrate a greater than 12 per mil depletion in d 15 N-NO 3 -deposited over the past 150 years, coincident with increases in NO 3 -concentration ( Figs. 1 and 2 and fig. S1 ) (11) . Whether this record tracks broader patterns of Nr incorporation in the biosphere remains unresolved.
To evaluate spatial and temporal patterns of Nr deposition in the Northern Hemisphere, we analyzed the N isotopic composition of highly resolved and well-dated lake sediment records from 25 oligotrophic lakes within a hierarchical Bayesian modeling framework ( Fig. 1) (14) .
We assessed the strength of support for seven alternative model structures that expressed how trends in sediment d 15 N were related among lakes. Under a hierarchical design, lake-specific estimates of C 0 , k, and Y 0 were based on measured N and how parameters were shared among lakes. Models included combinations of global hyperparameters (parameters for each lake were drawn from a distribution with a global mean for Y 0 , k, or both Y 0 and k) or ecotype hyperparameters (parameters for each lake being drawn from distributions with ecotype means for Y 0 , k, or both Y 0 and k), where lakes were classified as alpine, arctic, or temperate/boreal based on previous analyses and geographic similarities ( Fig. 1 ) (7, 15) . Last, a fixed-effects model with no hyperparameters was included, in which each lake was described by its own fully independent set of parameters.
Since the beginning of the 20th century, there has been a clear and continuous trend toward isotopically depleted d 15 N in lake sediments, a trend that parallels the record of Nr deposition preserved in the Greenland Ice Sheet ( Fig. 1 
) (11). Historical d

15
N time series data were described best by a model that included a global hyperparameter for the critical time threshold (Y 0,global ) identifying the time of onset of a novel N source to these lakes with a depleted isotopic signature (table S1). The posterior probability distribution of Y 0,global had a median value of 115 T 10 (T1SD) years before 2010 (Fig. 2,  inset ). This timing of departure from baseline N isotope characteristics was earlier than the onset of industrial N fixation but remarkably similar to trends in Nr deposition identified from Greenland ( Fig. 2 ). Both sets of records are coincident with increases in human-caused CO 2 emissions from biomass and fossil fuel combustion, which also emits considerable Nr to the atmosphere. The timing of Nr deposition resulting in depleted d 15 N of sediments was highly coherent among these geographically widespread and ecologically diverse ecosystems, suggesting a common source with a hemisphere-wide footprint throughout even the most remote areas of the Northern Hemisphere. Although initial effects of Nr deposition appeared in the sediment record near the beginning of the 20th century, the most pronounced changes have occurred over the past 40 to 50 years ( Fig. 3) , during which there has been an expansion of industrial N fixation through the Haber-Bosch process as well as increased fossil fuel emissions from both mobile and stationary sources ( Fig. 2) (1) .
The rate of change in sediment d 15 N (k) was independent among lakes, and there was variation of lake-specific Y 0 around the global distribution. These findings are not surprising given the range in watershed morphometry, vegetation characteristics, climate, geology, and hydrology of the study sites [ Fig. 2 , supporting online material (SOM), and tables S3 to S5]. Lake basin and watershed characteristics will affect the sequestration, cycling, and retention of Nr and thus affect how the onset and rate of change are recorded in lake sediments (3). We also expected that lake sediment records of Nr deposition would be attenuated relative to the ice core record (Fig. 2) , because lake sediments also integrate N from soil, vegetation, and groundwater. Our modeling framework allowed for such variation in these parameters at the scale of individual lakes and identified the best model as describing variation among lakes derived from a common shared effect. The fixed-effects model describing complete independence among lakes was the worst of all models considered. Together, these results imply a common perturbation to the N cycles of lakes distributed across the Northern Hemisphere (table S1) .
Several lines of evidence suggest that the coherent timing of changes in sedimentary d (18) . Climate is unlikely to be the common driver, because the study lakes lie in regions with vastly different patterns of climatic and hydrologic change during the past century, (19) . We can also eliminate the known effects of forest harvest on d
N values (20) , because there is no indication of land-use change in all but one of these watersheds. Finally, although we cannot fully exclude an increased influx of isotopically depleted N from vegetated catchments as temperature increased after the Little Ice Age (21) and as glaciers receded (22), the broad geographic distribution of our sites suggests that such mechanisms are unlikely to produce the consistent pattern observed. We contend that coherent historical changes in sedimentary d
N are explained most parsimoniously by elevated deposition of Nr from atmospheric and, ultimately, human sources.
Although the effects of Nr deposition on watersheds have been studied extensively in morepopulated regions of the northeastern United States and Europe, the effects of low-level chronic Nr deposition have not been given the same attention. Our results show that the sources of N to ecosystems throughout the Northern Hemisphere have changed substantially over the past century; however, the biogeochemical and ecological effects of this widespread disturbance are essentially unexplored. A growing body of literature, primarily from arctic and alpine regions, has identified substantial changes in algal communities over a similar 100-to 150-year period, including accelerated turnover in species composition, enhancement of planktonic communities, and greater abundance of nitrophilous taxa (7, 15, 23) . These ecological shifts have been previously attributed to climate warming and attendant limnological effects, including prolonged lake stratification and an expansion of algal habitat. Our results point to an important alternate and potentially synergistic mechanism that further explains processes underlying the accelerating pace of global ecosystem change.
Two implications emerge from these findings. First, although most of the detectable change in lake N geochemistry from anthropogenic Nr has happened in recent decades with widespread industrial N fixation, it began with fossil fuel use and industrialization near the beginning of the 20th century. Second, despite relatively low current rates of atmospheric Nr deposition in remote areas (4, 24) , increases since preindustrial times are large enough to be imprinted coherently in the lake sediment record and thus are likely to permeate the biosphere at the hemispheric scale. Foundation, the U.S. Most complex multicellular organisms develop clonally from a single cell. This should limit conflicts between cell lineages that could threaten the extensive cooperation of cells within multicellular bodies. Cellular composition can be manipulated in the social amoeba Dictyostelium discoideum, which allows us to test and confirm the two key predictions of this theory. Experimental evolution at low relatedness favored cheating mutants that could destroy multicellular development. However, under high relatedness, the forces of mutation and within-individual selection are too small for these destructive cheaters to spread, as shown by a mutation accumulation experiment. Thus, we conclude that the single-cell bottleneck is a powerful stabilizer of cellular cooperation in multicellular organisms.
M
any of the major transitions in evolution have resulted from groups of lower-level units cooperating so extensively that they merged into a higher-level unit (1-7) . When the units belong to the same species, such as cells in multicellular organisms and individuals in eusocial insect colonies, high relatedness is essential (2-7). High relatedness reduces conflicts among units and can select for some to sacrifice themselves for others, and these factors yield the reproductive division of labor seen in both kinds of systems (germ-soma and workerreproductive). High relatedness is nearly universal in these entities; eusocial insects likely evolved only from monogamous families [relatedness (r) = 1/2] (8), and multicellular organisms are typically clonal cell groups (r = 1) (5). But little direct evidence supports the hypothesis that conflict reduction via clonality is either necessary or sufficient to maintain multicellularity in any eukaryotic system.
Theoretical models show that a combination of sufficiently high mutation rates plus withinindividual selection could favor the spread of cheaters in clonal systems (9) (10) (11) . It has been suggested that key steps in metazoan development 
PERSPECTIVES
Research in distributed information processing broadly falls into four domains (see the fi gure, panel A), which differ depending on whether there is local or central control over the collective decision and on whether the agents share common interests ( 7) . The scenario addressed by Couzin et al. lies in the particularly challenging lower right quadrant. In this domain, one must simultaneously consider both the local nature of information exchange in distributed systems and the strategic issues that arise in social choice theory.
We can think of tactical distributed control as having two stages (see the fi gure, panel B).
In an initial social choice stage, each agent imperfectly observes the world and selects a preferred outcome. In a subsequent distributed computation stage, individual preferences are aggregated through local interactions among agents to select a consensus decision. In such a situation, agents can pursue selfi sh aims not only through strategic choice of preferred outcome ( 8)-much as a far-left voter might back a moderate democrat with a chance of winning instead of a fringe candidate with a more liberal platform-but also through tactical behavior during the process of local information exchange.
Couzin et al. consider cases in which the group must decide between two options. Allowing only two options simplifies the problem considerably: There is no incentive for strategic voting, but incentives remain for manipulating the process of information integration. Furthermore, when groups must select among more than two options, they face a host of voting paradoxes. Thomas Jefferson's acquaintance and correspondent Marquis de Condorcet noted the basic reason for this more than two centuries ago ( 9) : If a group has intransitive preferences-its members collectively prefer A to B and B to C in pairwise comparisons, yet they also prefer C to A-there is no straightforward way to select a single best course of action. This poses a serious social choice problem, because even when no single individual has intransitive preferences, the aggregate preferences of the group can be intransitive.
With two options, the task of determining the majority opinion is analogous to the classic density classifi er problem in the study of distributed computation ( 10) . But whereas the vast majority of work on the density classifi er looks at cooperative distributed computation, Couzin et al. look at-and even implement in a vertebrate system, namely schooling fi sh-an extension to the noncooperative case.
The authors develop three different models of the information integration process.
In each of these, agents are probabilistically influenced to adopt the opinions of their neighbors, and can promote their own opinions by being reluctant to change them. In this way, an intransigent minority can convert the entire group over to their minority opinion. Such behavior can impose costs on the group, including a reduced responsiveness to the state of the environment, an increased time to make a collective decision, and an increased risk of group fragmentation.
One might expect groups with uninformed members to be particularly susceptible to tactical behavior by minority subpopulations. If that tactical behavior involved some sort of active proselytizing to accelerate conversion to the minority opinion, one would be right. But Couzin et al. show that when the tactical behavior involves intransigence, uninformed individuals have the opposite effect. Their presence allows the majority to wrest control back from a manipulative minority. In each of their models, this occurs because the uninformed individuals tend to adopt the opinions of those around them, amplifying the majority opinion and preventing erosion by an intransigent minority. In this way, adding uninformed individuals to a group can facilitate fair representation during the process of information integration. Jefferson's passionate arguments on the importance of education for democratic society notwithstanding ( 11), Couzin et al. have identifi ed circumstances in which ignorance can promote democracy.
The industrial age brought this era to a close via two innovations: artifi cial nitrogen fi xation and the internal combustion engine.
In the early 20th century, Fritz Haber and Carl Bosch developed an industrial process involving high-pressure reactors and major inputs of energy and electrons (in the form of natural gas) to produce reactive nitrogen from atmospheric N 2 stores. The HaberBosch reaction soon became the means to produce nitrogen-rich fertilizers. Meanwhile, the adoption of internal combustion engines and other industrial burning processes led to widespread release of oxidized nitrogen (NO x ) to the atmosphere. In a way, this process reproduced, inside engine cylinders, the nitrogen fi xation by lightning that had for eons trickled low levels of fi xed N into the early biosphere. As a result of these processes (and increased cropping of nitrogen-fi xing legumes), rates of nitrogen inputs to the biosphere are now thought to have at least doubled since preindustrial times ( 6) .
So, the world is awash with nitrogen in an inadvertent global-scale biogeochemical experiment. But when, precisely, did this experiment begin? And where can its effects be seen? Anthropogenic sources of nitrogen are often isotopically lighter than the nitrogen circulating through natural processes in ecosystems. Using 15/14 N stable isotope analysis, Holtgrieve et al. track the appearance of this isotopically light nitrogen in closely dated sediments of lakes throughout the Northern Hemisphere, including extremely remote lakes in Alaska (United States), the Svalbard archipelago (Norway), and the Rocky Mountains (Canada and United States).
The authors fi nd that the light-nitrogen signal appeared in all regions of the Northern Hemisphere in a remarkably coherent manner, beginning around 1895 C.E., at a time when fossil fuel combustion and largescale biomass burning accelerated across the globe. These shifts coincide with changes in the isotopic signature of nitrate (NO 3 ) in a Greenland ice core ( 7) . The lake isotopic data also signal a second anthropogenic amplifi cation of the nitrogen cycle: Shifts in sediment isotopic signature appeared to accelerate around 1970 C.E., coincident with massive increases in industrial nitrogen fi xation for fertilizer production. This comprehensive study provides two insights into human amplifi cations of the nitrogen cycle: Their effects were immediate, and no place in the Northern Hemisphere-not even the highest reaches of the Arctic-was safe.
Other recent studies reinforce the surprising spatial extent of anthropogenic nitrogen inputs and shed light on their likely impacts. Most studies of nitrogen deposition have focused in temperate regions, and little is known about how nitrogen deposition is affecting tropical regions. In another stable isotope analysis study, Hietz et al. ( 4) gathered data in tropical rainforests of Panama and Thailand. The results indicate that increasing levels of nitrogen deposition in the tropics have alleviated forest nitrogen limitation, producing an "open" N cycle. Modern leaves and tree rings have a heavier isotope composition than do archival samples ( 4) . This is somewhat confusing relative to the lighter isotopic composition found by Holtgrieve et al. in modern lake sediments.
Reconciling the discrepancy in the nature of the isotopic signal between these two studies might require a certain degree of isotopic gymnastics. One likely mechanism is that these nitrogen-impacted tropical forests became extremely leaky for nitrogen, losing much through processes such as denitrifi cation that preferentially leave heavy nitrogen ( 15 N) behind for assimilation by the plants.
Another possibility is that the external nitrogen deposition inhibited in situ nitrogen fi xation (which has a light isotopic signature).
Regardless of the details, the data of Hietz et al. indicate that tropical forests are not immune from the impacts of humankind's nitrogen fertilization experiment.
Neither are large reaches of the oceans: Recent intensifi cation of industrial and agricultural activity in Asia has altered the nutrient regime in coastal regions of the western Pacifi c Ocean, distorting the stoichiometric balance of nitrogen and phosphorus supplies for marine phytoplankton ( 5) . Such shifts have also been documented for lakes in Scandinavia and western North America ( 8) , with likely impacts on upper food web levels through induction of zooplankton phosphorus limitation ( 9) .
This flurry of discoveries about the spreading extent of humankind's unintentional nitrogen experiment should add urgency to recent concerns about the multidimensional planetary boundaries that humanity is pressuring ( 10) . It adds weight to speculation that the biosphere is heading toward a widespread condition of chronic phosphorus limitation ( 11) .
Some are claiming that Earth has entered a new geological epoch, the Anthropocene ( 12, 13) . If so, what signs of this new era might someday be elucidated from future fossils? Given that a major component of this human-dominated period of Earth's history is a massive disruption of the global nitrogen regime, the new studies suggest that future paleontologists should look for lighter nitrogen isotopic signatures in geological strata derived from lake sediments or for traces of heavier nitrogen in plant fossils. Whether such signals are an ephemeral blip in the stratigraphic record or a sustained shift lasting millennia may, in due time, be seen as an indicator of humanity's success, or failure, in achieving planetary sustainability.
